Over the past several decades, great endeavors have been devoted to superhard materials research, among which two topics are of central focus. One is to understand hardness microscopically and reveal the controlling factors for superhardness, which can be used to guide the design of novel superhard crystals; the other is to synthesize superhard materials with enhanced comprehensive performance (i.e., hardness, fracture toughness, and thermal stability), with the ambition to synthesize materials harder than natural diamond. We proposed a microscopic understanding of the indentation hardness as the combined resistance of chemical bonds in a material to indentation, and established a microscopic hardness model for covalent and polar covalent crystals, which was further generalized to polycrystalline materials. Guided by the polycrystalline hardness model, we successfully synthesized nanotwinned cubic boron nitride and diamond bulks under high pressure and high temperature. These materials exhibit simultaneous improvement of hardness, fracture toughness, and thermal stability, designating a new direction for superhard materials research.
INTRODUCTION
Superhard materials are defined as materials with Vickers hardness higher than 40 GPa [1] . This class of materials display superior mechanical performance in hardness, incompressibility, toughness, and wear resistance, which can be utilized in a wide range of applications, such as cutting and polishing tools in machinery industry, drilling bits in milling and petrochemical industry, and diamond anvil cells in high pressure science. Diamond and cubic boron nitride (cBN), both of which can be produced massively [2, 3] , are the best-known superhard materials. Unfortunately, each of them shows some inherent shortcomings, such as the inferior thermal stability for diamond, as well as the relatively low hardness and fracture toughness for cBN. Syntheses of superhard materials with improved comprehensive performance, i.e., simultaneously improved hardness, toughness, and thermal stability, are thus highly desired [4] [5] [6] [7] [8] [9] . In addition, synthesizing materials harder than natural diamond has always been a sought-after goal of human beings [10] . In order to achieve these goals, a fundamental understanding of the physical origin of materials hardness is necessary.
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2 , where load (L) and average diagonal length of indentation (d) are in the units of N and m, respectively. Usually, the calculated hardness depends on the shape of the indenter, loading force and rate, indentation size and time, sample orientation, as well as surface condition. With all these factors taken into account, an essentially aptotic hardness value can be assigned to a specific material from the asymptotic-hardness region of a well-controlled indentation process, providing a solid experimental basis to investigate the fundamental factors controlling materials hardness.
Hardness prediction has been a great challenge for materials scientists. Traditionally, empirical models correlate hardness with the elastic properties of crystals [12] [13] [14] . However, such correlations are physically questionable since hardness characterizes a permanent plastic deformation, rather than a reversible elastic deformation [15] . In 2003, Tian᾿s group [16] intuitively but constructively proposed a microscopic picture of hardness: it can be defined as the combined resistance of chemical bonds in a material to indentation. Based on this understanding and available experimental data, they established a microscopic hardness model to evaluate the intrinsic hardness of covalent and polar covalent crystals [16, 17] , which was later generalized to including the effects of metallicity and polycrystallinity [18, 19] . Following this success, other hardness models with similar considerations were proposed [20, 21] . In these models, microscopic parameters (e.g., bond length, valence electron density, ionicity) that can easily be determined for a specific crystal are used to estimate materials hardness. Combined with state-of-the-art crystal structure prediction methods, these models provide a powerful tool for theoretical design of superhard materials.
Along with these theoretical advances of hardness calculations, experimental progresses have recently also been achieved in superhard materials research, which can be categorized into two strategies. One is to design and synthesize new superhard materials, and two classes of materials are of special interest. The first class includes light-element compounds made of boron, carbon, nitrogen, and oxygen. In these systems, the intrinsically strong and directional covalent bonds of the light elements lead to tight three dimensional bonding networks with extreme resistance to external shear, which are essential to realize superhardness. Significant progresses have been achieved in synthesizing superhard BC x N, BC x , γB 28 [28] [29] [30] [31] [32] [33] [34] [35] [36] . It was proposed that transition metals could introduce a high valence electron density to resist the elastic deformations while lights elements can introduce short and strong covalent bonds to prevent atoms from slipping under stress. Although the finding of superhard materials in this class of materials is not successful yet [34, [37] [38] [39] , it provides a great searching pool for potential superhard materials. The other strategy is to enhance hardness of known materials through appropriate design or control of their microstructure. Following this strategy, nanocrystalline TiN/SiN x nanocomposites were synthesized with hardness exceeding 100 GPa [9] . This hardness value is remarkably high especially when one considers the fact that both components, TiN and SiN x , are just hard materials. The hardness of diamond and cBN was also enhanced through formation of nanocrystalline microstructures [40] [41] [42] . Most recently, we synthesized nanotwinned cBN (nt-cBN) and nanotwinned diamond (nt-diamond) with marvelous hardness enhancement as well as simultaneous improvement in fracture toughness and thermal stability [43, 44] .
In this review, recent progresses in superhard materials are presented. We start with the microscopic hardness model for covalent and polar covalent crystals as well as its generation to polycrystalline materials. Following that, our recent works on ultrahard nt-cBN and nt-diamond are discussed. A long-standing controversy about the criterion to perform a reliable indentation hardness measurement is clarified in the next section. We conclude this review with discussions of future developments in superhard materials. We have to point out that this review is not intended to be exhaustive, and is mainly focused on our own work with necessary discussion on selected important research from other groups. Several excellent reviews provided a more comprehensive overview on superhard materials research [1, [4] [5] [6] [7] , which interested audience can refer to.
UNDERSTANDING OF HARDNESS
Historically, researchers suggested linear correlations between indentation hardness and bulk modulus (B) or shear modulus (G) [12] [13] [14] . However, it is now accepted that hardness does not depend linearly on B or G because hardness characterizes a permanent plastic deformation, while elastic moduli correspond to reversible elastic deformations [15] . Chen et al. [15] later proposed a macroscopic model based on G and Pugh's modulus ratio (k = G/B). The value of k is closely correlated to the brittleness/ductility of materials, and highlights the relationship between elastic and plastic properties: brittle materials have high ratios while ductile materials have low ones [45] . In principle, covalent materials with high hardness are obviously brittle with a large k. In this macroscopic model, the Vickers hardness of polycrystalline materials can be estimated according to H V = 2(k 2 G) 0.585 −3, which provides better reliability for hardness evaluation since k responds to both the elasticity and plasticity of materials [15] . Although the origin of hardness at the microscopic level may need to be further elucidated, Chen's macroscopic model provides a very simple method to estimate the hardness of complex crystals, such as porous T-carbon [46] . However, direct quantification of hardness with microscopic parameters (i.e., a microscopic hardness model) would reveal the fundamental factors controlling hardness and provide valuable guidelines for design of new superhard materials.
Hardness quantifies the resistance of a crystal against plastic deformation. The resistance to deformation depends not only on the dislocation density created by a rigid indentation, but also on the original stored dislocation density [47] . The stored dislocation density in metals is usually high, leading to an extrinsic hardness for metals. We thus limit our discussion to covalent and polar covalent materials with localized chemical bonds. In such materials, the stored dislocation density is negligible. First, let us consider single crystals, for which hardness is intrinsic and entirely depends on the resistance of the chemical bonds in When an indenter is pressed into the surface of a single crystal, as shown in Fig. 1a , the chemical bonds in the vicinity of the indenter tip withstand bend, stretch, or compress. Based on this simple physical picture, Tian᾽s group [16] proposed an intuitive and constructive assumption that, for covalent and polar covalent crystals, hardness is equivalent to the sum of the resistance of each bond to the indenter per unit area. The plastic deformation associated with the formation and motion of dislocations is thus related to the breaking of electron-pair bonds in the crystals. Hardness then measures the combined resistance of chemical bonds to indentation: higher density and stronger resistance of chemical bonds would result in harder crystals. In covalent crystals, breaking a chemical bond energetically means that two bonding electrons are excited from the valence band to the conduction band, as shown in Fig. 1b . The activation energy required for a plastic glide is thus twice the band gap E g [48] . The resistance force of a bond can be evaluated with the corresponding E g . As a result, the hardness of pure covalent crystals can be evaluated as:
where A is a proportional constant, and N a is the number of covalent bonds per unit area, which is calculated as:
n i is the number of the i th atom in the unit cell, Z i is the valence electron number of the i th atom contributing to bonding, V is the volume of the unit cell, and N e is the valence electron density.
For polar covalent crystals, the valence electrons are preferentially distributed to the anion side (Fig. 1c) , which weakens the binding of two atoms. This adverse contribution from the bond ionicity needs to be considered in the hardness evaluation of polar covalent crystals. Phillips [49] suggested that E g for a binary polar covalent crystal can be separated into a covalent homopolar component, E h , and an ionic heteropolar one, C, as
. E h determines the activation energy of a dislocation glide in polar covalent crystals [50] , and can be estimated in electronvolt with the empirical expression E h = 39.74d −2.5 , where d is the bond length in angstroms [49] . The ionic contribution results in a loss of covalent bond charge and is accounted for by introducing a correction factor, e −αf i, to Equation (1). This correction factor describes the screening effect for each bond, where α is a constant and f i = 1−E 2 h /E 2 g is the Phillips ionicity of the chemical bond in a crystal [49] . The constants A and α, determined by fitting the hardness expression H V = AN a · 39.74d −2.5 · e −αf i to a experimentally determined Vickers hardness dataset for covalent and polar covalent crystals, are 14 and 1.191, respectively [16] . We thus established a microscopic Vickers hardness model for binary (polar) covalent crystals in terms of d, f i , and N e as:
This hardness model can easily be applied to a multicomponent system by assuming the average hardness to be the geometrical mean of the hardness of different types of covalent bonds in the system via:
where
μ is the hardness of a binary compound composed of μ bonds, and n μ is the number of μ-type bonds in the unit cell. Readers can refer to the original paper for further details [16] .
The microscopic hardness model presented in Equation (3) was further generalized [17, 18] , which are presented briefly here. First, a new ionicity scale was proposed based on first-principles calculations [17] . For a specific crystal structure or cluster containing the same type of coordinate configuration, an ionicity scale, f h , can be defined for Later, a factor of metallicity, f m = n m /n e , was introduced to account for the effect of metallicity on hardness, where n m = k B TD F is the number of electrons that can be excited at ambient temperature, and n e is the total number of valence electrons in the unit cell [18] . At ambient temperature, k B T ≈ 0.026 eV and D F is the electronic density of states at the Fermi level, which can be acquired via electronic structure calculations. Similar to the contribution of ionicity to hardness [16] , the screening effect of the metallic component can be described with a correction factor of e (5) can now be determined from ab initio calculations. Equation (5) reveals that the metallic component (f m ) of a chemical bond has a stronger adverse effect on hardness than the ionic one (f i ). The d valence electrons play an important role in increasing hardness by enhancing the directionality and consequentially the strength of the chemical bond. It should be noted that, for group IB and IIB metals with fully filled d orbitals, the prefactor for the hardness calculation is 350. The extension of this formula to multicomponent systems is similar to Equation (4), with attentions on the metallicity and prefactor for individual bonds [18] .
Hardness predictions using Equations (3) have been extensively performed for a large class of theoretically designed superhard structures in recent years . Our hardness model is applicable to polar covalent crystals, oxides with a partial contribution from ionic bonds, and ionic crystals, as well as some multicomponent crystals with mixed types of interatomic bonds [19] . The overall agreement with experiments is highly satisfactory. This consistency indicates that hardness can be defined microscopically as the combined resistance of chemical bonds in a crystal to indentation.
Following our seminal work, several microscopic hardness models have been proposed based on different treatments of the deformation resistance of the chemical bonds to the indenter, such as the bond strength model [20] and the electronegativity model [21] . All of these models are based on the assumption that hardness is equivalent to the sum of the resistance of each chemical bond to the indenter. The difference among these microscopic models is that the resistance is expressed differently in each: by the energy gap in our bond resistance model, by the bond strength consisting of a reference energy in the bond strength model, and by the bond electronegativity consisting of the element electronegativity in the electronegativity model. An overall analysis of these models sheds light on the factors that should be considered when designing superhard materials. These factors include short and strong chemical bonds, high valence electron density or high bond density, and strongly directional bonds (as suggested by the larger prefactor for d orbitals). Ionicity is adverse for hardness, as clearly demonstrated by the exponential factor, and metallicity is even worse. Readers are encouraged to refer to our recent reviews for more detailed discussion and comparison of these models [19, 73] . In Ref. [73] , our recent progress in microscopic models of tensile strength and bulk modulus are also discussed. It has to be emphasized that, although microscopic hardness models have been established for (polar) covalent materials with some success, a satisfying, general description of hardness for covalent crystals, ionic crystals, and metals still eludes materials scientists because of the inherent complexities [8, 74, 75] .
HARDER THAN DIAMOND
Synthesis of superhard materials with hardness higher than that of diamond has always been a pursued goal. This is truly a challenge to materials science, and some researchers are not optimistic to fulfill this goal [76] . In general, there are two pathways for this ambition: one is to identify novel superhard single crystals; the other is to enhance the hardness of known materials through microstructure modulation. The systems considered in the first pathway belong to the intrinsic superhard materials where high hardness is achieved through their strong chemical bonding. However, a recent research indicates that design of novel single crystals harder than natural diamond seems unrealistic [77] , leaving the second route as the only choice where extrinsic hardening can be achieved through nanostructuring. Recent progresses in TiN/SiN x nanocomposites [9] , aggregated boron nitride nanocomposites [41] , nanograined cBN (ng-cBN) [42] and diamond [40] evidenced the feasibility of the second pathway for hardness enhancement.
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Here we give some qualitative considerations of hardening effects due to nanostructuring in polycrystalline materials [19] . First, the dislocation activities inside the grain is suppressed with decreasing grain size due to the Hall-Petch effect, leading to the grain boundaries hardening described as H = H 0 + K HP /√ -D [78, 79] , where H 0 is the hardness of the bulk single crystal, K HP is the Hall-Petch hardening coefficient, and D is the grain size in nanometer. In addition, Tse et al. [80] suggested a quantum confinement hardening effect for nanocrystals. Based on the Kubo theory and considering the quantum confinement effect, the band gap E g in Equation (1) should be updated as E g,nano (eV) = E g,bulk + δ P = E g,bulk + 24/DN e 1/3 for nanocrystals. As a result, nanocrystal hardness is enhanced by 211D −1 N e 1/3 e −1.191f i compared with that of the bulk single crystal. Combining the HallPetch and quantum confinement effects, the hardness for a nanocrystalline bulk material can be estimated as:
where K qc = 211N e 1/3 e −1.191f i is the quantum confinement hardening coefficient. This equation describes the observed relations between hardness and crystallite size in cBN and wurtzite BN (wBN) nanocomposites perfectly [41] .
Suggested by Equation (6), a higher hardness would be expected with smaller grain size. In experiments, however, opposite variations of hardness were observed if the grain size is lower than ~10 nm [41, 81] . The observed softening seems to originate from intergranular fracturing along poorly sintered grain boundaries rather than the reverse Hall-Petch effect resulting from grain-boundary sliding [81] . The synthesis of well-sintered nanograined superhard materials while maintaining a smaller grain size is technically difficult. It was known that coherent twin boundaries possess excess energy typically one order of magnitude lower than that of grain boundaries [82] . In addition, twin boundaries at nanoscale show a hardening effect identical to those of grain boundaries for metals [82, 83] . Nanotwinning thus provides a more effective mechanism to achieve smaller characteristic size of microstructure. Accordingly, we managed to synthesize ultrahard cBN and diamond bulk materials with nanotwinned microstructures under high pressure and high temperature (HPHT).
Using onion-like BN nanoparticles (30150 nm in diameter) as precursor, we successfully synthesized transparent single-phase nt-cBN bulks under HPHT [43] . Typical microscopic structures of onion BN precursor and nt-cBN synthesized at 15 GPa and 1800C are demonstrated in Fig.  2 [43] . The naturally puckered BN layers, the high concentration of stacking faults, and the spherical shape of the precursor nanoparticles ensure the formation of laminated nanotwins in cBN nanograins (Fig. 2a) . cBN nanograins contained densely spaced lamellar {111} twins with an average twin thickness of 3.8 nm (Figs 2b and c) . Hardness and fracture toughness of the bulk nt-cBN samples were measured with a standard Vickers diamond indenter (Fig.  3) . The formation of ultrathin nanotwins significantly improved the material's hardness and fracture toughness: a very high Vickers hardness (exceeding 100 GPa, the optimal hardness of synthetic diamond) and a large fracture toughness (>12 MPa m 0.5 , well beyond the toughness of commercial cemented tungsten carbide of 10 MPa m 0.5 ) were achieved. An onset oxidation temperature of 1294C was determined for nt-cBN, which is higher than those of single-crystal cBN (~1103C), ng-cBN (~1187C) [42] , and commercial polycrystalline cBN (~1000C) [84] . The simultaneous improvement of superhard tools' three key properties, namely hardness, toughness and stability, is accomplished, indicating the appealing application prospect of ultrahard cBN material.
Following the same principle, we successfully synthe- . The trade-off between hardness and toughness of our nt-diamond samples (Fig. 5b) is significantly superior to those of previously reported diamond-related materials [8588].
These nt-diamond bulks also show an enhanced thermal stability with in-air oxidization temperature 200C higher than that of natural diamond [44] .
It is interesting to note that the old paradigm, i.e., the higher the hardness of a material, the lower the fracture toughness, is broken in both nt-cBN and nt-diamond bulks. The simultaneous improvement in hardness and fracture toughness in our nanotwinned samples is intimately related to the ubiquitous nanotwinning microstructure. The presence of ultrathin nanotwins introduces extra hardening, which can be attributed to the joint contribution from the Hall-Petch and quantum confinement effects at nanoscale, meanwhile gliding of dislocations along the densely distributed twin boundaries enhances fracture toughness [89] . Our findings demonstrate a new strategy to manufacture advanced superhard materials. By selecting suitable starting materials and optimal P-T conditions, interlocked nanotwinned microstructures can be created, and a simultaneous improvement of hardness, fracture toughness, and thermal stability of superhard materials is expected. Such advantages of nt-diamond and nt-cBN endow them wider applications in both industrial and scientific fields, such as turning, milling tools with better performance, and diamond anvil cell providing a pressure higher than 500 GPa.
CRITERION OF INDENTATION HARDNESS MEASUREMENT
Along with these progresses in superhard materials research, there exists a practical issue about hardness measurement: how can indentation hardness be reliably measured? Previously, it was proposed that "it is not yet possible to express the hardness of a material 'harder than diamond' by a single number. We recommend that values higher than 120 GPa should not be called 'hardness' to avoid confusion" [90] . This traditional criterion (hereinafter referred to as the comparison criterion) implies that the test sample must be softer than the natural diamond indenter (with hardness of 120 GPa) to ensure a hardness measurement. If the comparison criterion were correct, it would be impossible to characterize the hardness for these materials. However, experimentally there exist many counterexamples to the comparison criterion. For example, Vickers hardness of the annealed chemical vapor deposition (CVD) diamond as high as 170 GPa was reported previously [85] , significantly higher than the suggested limit of 120 GPa. A scratch made by ReB 2 on the surface of diamond was verified by atomic force microscopy even through ReB 2 is much softer than diamond [91] . Another example contradict to the comparison criterion is the soft impressor method developed by Brookes et al. [92] , where a plastic deformation can be formed even though the hardness of the impressor is much lower than that of the tested sample [93, 94] . The successful application of the soft impressor method is that the resolved shear stress exceeds those requirements for dislocation initiation and multiplication [94] . To clarify this controversy, we now recall the definition of indentation hardness. The indentation hardness of a material is determined by the indenter load divided by the contact (or projected) area of the permanent indentation formed on the sample surface [11] . According to this definition, indentation hardness is a well-defined "engineering" quantity and can be measured as long as a permanent indentation (through plastic deformation) can be left on the surface of the tested sample. Obviously, the question about the criterion to perform an indentation hardness measurement comes down to the condition of forming a permanent indentation on the surface. The specific stress states of the indenter and tested sample during an indentation hardness measurement are analyzed to identify this condition [95, 96] .
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When the symmetric indentor is exactly perpendicular pushed into the tested sample, the horizontal force components from opposite facets of the indenter are offset, leaving only the perpendicular compressive force components to apply on the indenter. The tip of the diamond indenter is thus subjected to a compressive stress field. The stress state of the sample is different from that of the indenter though. In the sample tested zone surrounding the indenter, dislocation initiation and multiplication cause slips and plastic strain when the applied stress exceeds the shear strength of the sample, leading to a plastic shear deformation of the sample and the formation of a permanent indentation on the sample surface. Indentation hardness can thus be measured reliably as long as the shear strength of the sample is smaller than the compressive strength of the indenter diamond [95, 96] . The compressive strengths, σ, of diamond are 223 GPa in the weakest 100 direction, and about 470 GPa along 110 and 111 [97] . The shear strengths, τ, of hard and superhard materials are significantly lower than the compressive strengths of diamond [38, [98] [99] [100] [101] [102] , ensuring the formation of an indentation. For example, the shear strength of superhard diamond, cBN, wBN, and B 6 O are 93 [98] , 58 [99] , 62 [99] and 38 GPa [102] , respectively. Therefore, hardness measured exceeding that of natural diamond indenter does have physical meaning and is reliable.
PROSPECTS
Inspired by the success in nt-cBN and nt-diamond, we expect more achievements in superhard materials through ; large grey circle: Co-polycrystalline diamond (PCD) [86] ; large pink oval: CVD-grown PCD [87] ; filled upward triangle: aggregated diamond rod [88] . Reprinted with permission from Ref. [44] . Copyright 2014, Nature Publishing Group.
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the strategy of nanostructuring. In the following, several topics of special interest are discussed. First, pursuing microstructure with thinner nanotwin sizes may lead to superhard materials with even superior properties. Here we estimate the lower limit of nanotwin thickness and the corresponding ultimately achievable hardness (UAH) of diamonds [44] . Taking {111} twins in nt-diamond as the model system, the minimal twin thickness is λ min = 3 × d 111 = 0.618 nm since the atomic stacking sequence along the 111 direction of diamond is ···ABCABC···. At such length scale, the Hall-Petch effect is no longer applicable [103, 104] . With H 0 = 90 GPa (hardness of single-crystal diamond) and K qc = 211N e 1/3 = 187.7 GPa nm, an extraordinary UAH of 394 GPa is estimated for nt-diamond from Equation (6) (without contribution of the Hall-Petch effect). It calls for a technical challenge to synthesize nanotwinned microstructures with the required twin thickness to achieve such an exceptional hardness property. If we can refine the precursor (onion carbon and onion BN) with smaller nanoparticle size, further decrease of twin thickness in the synthetic nanotwinned bulks and consequential increase in hardness are possible. In addition, precursors other than the onion-liked ones will be investigated under HPHT, such as the self-oriented carbon nanotube arrays and yarns [105, 106] . The formation mechanism of the nanotwins may be revealed by comparison of HPHT products from spherical carbon onions and tubular carbon nanotubes. Note that the experimental HPHT conditions for synthesizing nt-diamond and nt-cBN are essentially identical. This opens up the possibility of manufacturing nt-diamond/nt-cBN nanocomposites. Such nanotwinned composites are expected to possess intermediate oxidation temperature and hardness between those of nt-diamond and nt-cBN but with greater fracture toughness as a result of the combined contributions from nanotwinning and composite effects.
With nanostructuring, it is possible to tune a variety of hard materials (H V > 15 GPa) into superhard materials, and enrich the family of superhard materials. The key is, along with the decrease of nanograins size, the strong grain boundaries must be maintained to avoid the intergranular fracturing that induces hardness deficiency. Most recently, it was demonstrated that the Hall-Petch effect still functions for fully dense spinel MgAl 2 O 4 nanocrystalline ceramics [107] . Sintering MgAl 2 O 4 nanopowders with an average size of 25.8 nm under 2 GPa and 740C, nanocrystalline bulks with an average grain size of 28 nm were achieved, leading to a unique hardness of 20.2 GP (H 0 = 13 GPa for MgAl 2 O 4 single crystal). With carefully prepared precursor, smaller nanograin size, and higher pressure to restrict the grain growth, well-sintered nanocrystalline hard materials may be promoted into the family of superhard materials.
